ABSTRACT Background and objectives: Impaired fetal growth is associated with increased cardiovascular morbidity and mortality in adulthood. We sought to determine whether adults born with intrauterine growth restriction have primary maladaptive changes in cardiac structure.
INTRODUCTION
Impaired fetal growth (birth weight<10th population centile) has well-established epidemiological links with increased cardiovascular morbidity and mortality in adulthood. 1 2 The mechanisms responsible for this link are not well defined; however, low birthweight babies have early onset and early increased progression of subclinical atherosclerosis. [3] [4] [5] [6] There is also evidence in the literature that primary maladaptive structural cardiac changes occur in utero; with dilated cardiomyopathy-like changes and subsequently a more globular heart, with increased transverse diameters (by approximately 20%) in childhood. 7 This is accompanied by subtly reduced stroke volume, which appears to be compensated for by an increased heart rate (by approximately 10%).
KEY QUESTIONS
What is already known about this subject?
▸ Fetal growth restriction has a well-established association with increased cardiovascular morbidity and mortality in adulthood. The underlying pathogenic process is not well understood; however, there is evidence for premature endothelial dysfunction, early progression of atherosclerosis and cardiac structural changes in early life.
What does this study add?
▸ In 784 young adults followed since birth, we found that young adults who had been born small for gestational age have only very subtle changes in cardiac structure and function, compared to those born at normal weight.
How might this impact on clinical practice?
▸ This study will help to focus the investigations into the elevated cardiovascular risk in those born small for gestational age on other possible mechanisms such as endothelial dysfunction and premature atherosclerotic progression. Despite the predominantly neutral results in this study, it is extremely valuable in terms of shedding light on the mechanisms contributing to this cohort's cardiovascular risk profile.
These changes have been shown to extend into adulthood in experimental animal models of fetal growth restriction; however, whether these changes in cardiac structure and function persist into adulthood in low birthweight humans remains unknown. 7 8 Recent studies do, however, indicate that low birth weight does significantly correlate with left ventricular (LV) mass, an independent predictor of long-term cardiovascular morbidity and mortality, in adolescence. 9 If these structural changes do persist into adulthood, the long-term clinical ramifications of a reduced stroke volume and relative sinus tachycardia have not been clearly defined.
Accordingly, we sought to determine whether cardiac structure and function are altered in adults who were born with fetal growth restriction, when compared to those born with healthy birth weight. Specifically, we hypothesised that the changes in LV and right ventricular (RV) structure and function seen in childhood, notably a globular or less elongated heart, 8 persist into adulthood.
METHODS

Population
The Cardiovascular Risk in Young Finns Study is an ongoing longitudinal community-based study, initiated in 1980, that enrolled 3596 children and adolescents aged 3-18 years. 10 It encompasses five Finnish University cities with medical schools and the surrounding area, with participants invited at random from the National Population Registry. The participants attended follow-up visits at three yearly intervals between 1980 and 1992 with comprehensive data collection performed at each time point. This included completion of a questionnaire regarding their birth weight, gestation at birth, and psychosocial data; physical examination, blood tests and cardiovascular diagnostic studies. They were asked to bring their records from the well-baby clinics, which were reviewed by the study nurses. 6 10 The 31-year follow-up visits were completed in 2011 at age 34-49 years. Cardiac data were obtained on a subset of individuals (1680; figure 1 ). All participants were born at term, with small for gestational age (SGA) prospectively defined as <10th cohort-specific percentile for birth weight stratified by gender, and appropriate weight for gestational age (AGA) defined as 50th-90th population centile. At this visit, the prospectively defined participants of interest (n=157 born SGA and n=627 born AGA consented to participate) underwent a transthoracic echocardiogram with standard views obtained. Other relevant follow-up data obtained at this visit included socioeconomic, lifestyle and cardiovascular risk profiles. [10] [11] [12] This study complies with the Declaration of Helsinki and was approved by local ethics committees. Participating individuals gave written informed consent.
Transthoracic echocardiograms
The examinations were performed according to American and European guidelines. 13 
STATISTICAL ANALYSIS
On the basis of the changes noted in previous studies in the low birth weight children, our prospectively defined primary outcomes were end-diastolic ventricular dimensions (LVED diameter and volume, RV end-diastolic diameter and volume), LV stroke volume, heart rate, cardiac output and sphericity indices for both ventricles. 7 Normal distribution of data was assessed using a visual assessment of histograms and confirmed by the Kolmogorov-Smirnov test. Skewed data was log transformed for analysis. Descriptive data are shown as the mean (SD) for normally distributed data and as the median (IQR) for non-normally distributed data, with χ 2 tests for categorical data. The associations of birth weight category with cardiac measures were analysed by analysis of covariance, adjusting for age, sex, blood pressure, physical activity and socioeconomic status. Intraobserver variability was assessed in 50 randomly selected participants (from all birth weight categories) for left and RV chamber size and mass using intraclass correlation coefficient (ICC) with 5th and 95th centile CIs and coefficient of variance (mean±SE). This demonstrated excellent reproducibility (ICC 0.77-0.94, table not included). A two-tailed value of p<0.05 was considered statistically significant. Statistical analysis was carried out using SPSS V.22.0.
RESULTS
Study population
The perinatal characteristics of the study population are outlined in table 1. As expected, the SGA cohort had a lower mean birth weight of 2816 g (SD 220.9), compared with 3844 g (SD 193 .2) in the AGA group ( p<0.01). Birth length in the two groups was also significantly different, with a mean of 48.2 cm (SD 1.7) in SGA and 51.4 cm (SD 1.3) in AGA ( p<0.01). The mean ponderal index was 2.5 (SD 0.3) for those born SGA, and 2.8 (SD 0.2) in the AGA group ( p<0.01). figure 2 ). Absolute left atrial areas (LAA) ad right atrial areas (RAA) and volumes, not indexed to BSA, were smaller in the SGA individuals as compared to the AGA cohort; however these values were not significantly different when indexed to BSA (tables 2 and 3) .
A sensitivity analysis was performed where echocardiography parameters were indexed to height rather than BSA, given the significant difference in current height between the two cohorts. Indexed LAA was similar between both groups (9. All data shown as means (95% CI) and adjusted for age, sex, blood pressure, physical activity levels and socioeconomic status. AGA, appropriate birth weight for gestational age; SGA, small for gestational age. LV volumes calculated using Z-derived method; RV volumes using Simpson Single-Plane 4 chamber; LV mass using short-axis area-length method.
volume indexed to height was smaller in the SGA group, but this was not statistically significant (44 mL/m SGA vs 45 mL AGA, p=0.14).
Ventricular systolic and diastolic function LV stroke volume was lower in those born SGA (74.5 mL SGA vs 78.8 mL AGA, p<0.01);however, this was not statistically significant when indexed to BSA ( p=0.51) or height ( p=0.14). There was some evidence for slightly lower cardiac output in the SGA group (5 L/min SGA vs 5.2 L/min AGA, p=0.06). Mean heart rate did not differ between the two groups (63.4 bpm SGA vs 62.9 bpm AGA, p=0.51), and there was no significant difference in LV ejection fraction, LV fractional area change or RV fractional area change (table 4) . LV diastolic function was assessed using mitral valve (MV) E and A wave velocities, MV E prime velocities, MV deceleration time and E to E prime ratio. No significant difference was noted between the two groups in any of these parameters (table 4) .
DISCUSSION
This study indicates that some of the changes in cardiac geometry and function previously described in children and adolescents born SGA are present in adults. When indexed to BSA, those in the SGA cohort consistently exhibited slightly greater LV systolic and diastolic dimensions and RV base-to-apex length. This indicates that SGA adults have slightly larger hearts relative to their BSA, as compared with adults born AGA. Indeed, in females born SGA, their OR for having a dilated indexed LVED dimension was 3.1 (95% CI 1.2 to 7.9). Our data were indexed to BSA as there is extensive evidence that cardiac dimensions are dependent on age, sex and BSA. 13 15 16 A sensitivity analysis indexing to height rather than BSA also demonstrated subtly increased LV dimension in those born SGA; however, several parameters did not reach statistical significance.
Furthermore, SGA participants had a trend towards lower LV stroke volumes (74.5 mL vs 78.8 mL, p<0.01; indexed 39.5 mL/m 2 SGA vs 40 mL/m 2 AGA, p=0.51) as compared to their average birth size contemporaries. This reduction in stroke volume has been noted in childhood, but this is the first time there is some evidence that it may persist, albeit to a smaller extent, into adulthood. 7 It is accompanied by no significant change in heart rate, but a trend towards reduced overall cardiac output (5 L/min SGA vs 5.2 L/min AGA, p=0.06). Importantly, while significant differences in both cardiac geometry and systolic function were noted in this study between those born SGA and those born AGA, all mean values were still within normal adult ranges. 13 While these changes were statistically significant, they are unlikely to be clinically relevant, given their very small magnitude. This is particularly true when we note that there are considerably less marked differences than were seen in childhood (approximately 2% vs 10% mean differences). 7 The lesser differences in cardiac parameters in adulthood between the SGA and AGA groups, compared with the differences seen in childhood, might suggest progressive adaptation over time.
Interestingly, those born SGA demonstrated a systolic blood pressure 1 mm Hg greater than those born AGA (119.1 mm Hg vs 118.1 mm Hg, p=0.05). Whilst this result was statistically significant, we are not able to quantify the clinical relevance or implications of this difference due to our small sample size.
Unfortunately, this study was not sufficiently powered to determine if there was a subgroup of severe SGA in whom there were more marked changes in cardiac structure and function. An analysis of IQR for all echocardiographic parameters, however, did not demonstrate significantly larger IQRs in the SGA group than was seen in the AGA group (see online supplementary tables S1-S3).
The association between low birth weight and increased risk of cardiovascular disease in adulthood has been well established over decades. Barker et al 2 reviewed birth weights from men born during 1911-1930 and documented that those with the lowest weights at birth and 1 year had the highest death rates from ischaemic heart disease. Despite knowledge of this correlation, the underlying pathological processes have been more difficult to elucidate. 17 There are numerous theories that have been identified as potential mechanisms for this association. 'Small baby syndrome', where low birth weight/fetal malnutrition is associated with endothelial dysfunction and subsequent increased risk of premature hypertension, stroke and coronary artery disease, is supported by numerous international studies, including the Cardiovascular Risk in Young Finns Study, based on carotid intima-media thickness, brachial flow-mediated dilation and cardiovascular risk factors. 3 5 6 17 18 Our study sought to probe one of the other main theories that have been hypothesised to be mechanistic in this process, that growth restriction in utero might be associated with persistent significant changes in cardiac structure into adult life. 7 Indeed, there is good evidence that intrauterine growth restriction and hypoxia results in a dilated cardiomyopathic process in utero in the developing fetus, both in humans and in animal models. 8 19 There are also haemodynamic data in the newborn period that SGA babies have relative cardiac hypertrophy and elevated brain natriuretic peptide levels, possibly indicative of increased cardiac workload and ventricular dysfunction. 20 Population studies have also indicated that birth weight independently correlates with LV mass in adolescence. 9 Our data, however, indicated that, in proportion to body size, the left (and possibly right) ventricle was very subtly dilated in adults who were born SGA, as distinct from previous studies in childhood that showed a more globular heart with increased transverse diameters and reduced longitudinal lengths. 7 This is supported by the lack of difference in the sphericity index, a marker of a globular heart, between the SGA and AGA groups in our study. A proposed mechanism for this change in cardiac structure is altered loading conditions in utero. Increased placental vascular resistance leads to hypoxia and undernutrition, with a subsequent increase in afterload, decrease in arterial compliance, and resultant increased wall stress. 7 Supporting this, fetal growth restriction has been proven to be associated with higher placental resistance indices in vivo. 19 21 These maladaptive changes may lead to a more inefficient heart in childhood, with reduced stroke volumes and resultant reliance on relative sinus tachycardia in order to maintain cardiac output. These changes, however, attenuate over time. We demonstrated that by adulthood there was only an approximate 5% decrease in LV stroke volume (compared to approximately 20% in childhood), 7 with no significant change in the heart rate, cardiac output or LV diastolic function.
In our study, we defined AGA as the 50th-90th centile of birth weight. A sensitivity analysis comparing SGA babies with AGA babies, where that was defined as 10th-90th centile birth weight, resulted in no statistically significant changes in the results obtained. Further, we performed another sensitivity analysis where echocardiographic measures were indexed to current height (significantly different between the 2 cohorts) rather than BSA. This demonstrated slightly greater LV dimensions in the SGA group (although only LVEDD reached statistical significance), but no difference in RV dimensions.
The strengths of this study include the large sample size, comprehensive information on birth weight and birth length, and the extensive available information on potential confounding factors such as socioeconomic status and physical activity levels. The standardised method used for obtaining transthoracic data is also noteworthy, reducing potential variations in results depending on individual sonographer techniques.
Our study also has limitations. As distinct from previous studies, 7 we did not use prenatal Doppler to classify SGA into severe and mild. Thus, it is possible that a milder SGA cohort could be partially responsible for the attenuation in cardiac structural and functional changes that we had noted in adulthood, as compared to other studies performed in childhood such as that by Crispi et al 7 Furthermore, cardiac MRI may be a more sensitive way to measure ventricular volumes and mass than transthoracic echocardiography. 22 Lewandowski et al have shown (using cardiac MRI) that individuals born preterm exhibit unique LV geometry and function in adulthood, specifically increased LV and RV mass, smaller LV and RV volumes, and reduced LV and RV systolic and diastolic function. They have not, however, been able to determine if there are any structural and functional changes in those born at term but SGA, due to the study size and power. 23 
24
CONCLUSION
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